Abstract. Loss of sirtuin 1 (SIRT1) activity may be associated with metabolic diseases, including diabetes. The aim of the present study was to investigate the potential effects of overexpressed endothelial nitric oxide synthase (eNOS) on cell proliferation and apoptosis with SIRT1 activation in the Min6 mouse pancreatic β cell line. A pcDNA3.0-eNOS plasmid was constructed and transfected into Min6 cells for 24 h prior to harvesting. eNOS expression was validated and SIRT1 expression was detected following plasmid transfection using reverse transcription-quantitative polymerase chain reaction and western blot analysis, which demonstrated that the expression levels of eNOS and SIRT1 were significantly upregulated. Furthermore, the cell proliferation and cell apoptosis of the Min6 cells were evaluated, using a cell counting kit-8 assay and flow cytometry, respectively. The results suggested that overexpressed eNOS promoted cell proliferation and inhibited cell apoptosis in Min6 cells. The interaction between eNOS and SIRT1 was explored through co-immunoprecipitation, and it found that there was a strong interaction between eNOS and SIRT1. In conclusion, overexpressed eNOS may induce SIRT1 activation, which is implied to play a protective role in Min6 cells, and eNOS may be a new therapeutic target for diseases such as type 2 diabetes.
Introduction
Diabetes leads to vascular changes and dysfunction with the most critical factor of insulin resistance, and morbidity and mortality in diabetic patients are mainly caused by diabetic complications (1) . According to the International Diabetes Federation Atlas in 2014, the estimated diabetes prevalence for 2015 has risen to 387 million, representing 8.3% of the world's adult population, and it has been predicted that by 2035 the number of people with diabetes will have risen to 592 million (2) (3) (4) .
Sirtuin 1 (SIRT1), a nicotinamide adenine dinucleotide (NAD + )-dependent histone deacetylase, is involved in the regulation of metabolism, cell survival, differentiation and longevity (5) , and exerts beneficial effects on glucose-lipid homeostasis and insulin sensitivity in diabetes in both animal studies and clinical research (6, 7) . This suggests that SIRT1 may be a promising novel therapeutic target for diabetic complications and recognized as a key regulator of vascular endothelial homeostasis, controlling angiogenesis, endothelial senescence and dysfunction (8) . It is reported that the activation of SIRT1 prevents hyperglycemia-induced vascular cell senescence and protects against vascular dysfunction in mice with diabetes, which suggests a protective role of SIRT1 in the pathogenesis of diabetic vasculopathy (9) . According to another study, mitochondrial biogenesis can be enhanced by resveratrol through the 5'-adenosine monophosphate-activated kinase/SIRT1 pathway in muscle and liver, resulting in extension of life span or amelioration of high-fat diet-induced metabolic impairment, including obesity and insulin resistance (10) .
Recently, it has been indicated that SIRT1 regulates endothelial nitric oxide synthase (eNOS), which generates endothelial nitric oxide (NO) (11) . Furthermore, another study demonstrated that the production of NO, stimulated by caloric restriction, increases SIRT1 expression, which implies that eNOS may be involved in regulation of the expression of SIRT1 in murine white adipocytes (12) . Therefore, it may be hypothesized that there is an interaction between eNOS and SIRT1. The aim of the present study was to investigate the potential effects of overexpressed eNOS on cell proliferation and apoptosis with SIRT1 activation in the mouse pancreatic β cell line, Min6. The results of the present study indicated that SIRT1 expression was significantly upregulated following eNOS recombinant plasmid transfection, which induced cell proliferation and decreased cell apoptosis. Furthermore, we explored the underlying mechanisms between eNOS and SIRT1, which demonstrated that there was a strong interaction between these two proteins.
Materials and methods
Plasmid construction. The mouse eNOS cDNA (BC052636. Cell proliferation activity. Min6 cells were seeded at a density of 1.0x10 5 cells/ml in 6-well plates in order to achieve ~50% confluence the next day, and were then transfected with pcDNA3.0-eNOS (50 µM). Thereafter, 100 µl cell counting kit-8 (CCK-8; Dojindo Molecular Technologies, Inc., Kumamoto, Japan) solution was added to each well and were incubated with the cells for 1 h. The absorbance was then measured at 450 nm using a microplate reader.
Apoptosis assay. Following plasmid transfection for 24 h, the apoptotic cells were quantified using an Annexin V/propidium iodide (PI) apoptosis kit (Multi Sciences Biotech Co., Ltd., Hangzhou, China). Min6 cells were collected, washed with PBS and resuspended in 200 µl binding buffer containing 5 µl Annexin V (10 µg/ml) for 10 min in the dark. The cells were then incubated with 10 µl PI (20 µg/ml), and the samples were immediately analyzed using flow cytometry (Beckman Coulter, Inc., Brea, CA, USA). Data acquisition and analysis was performed using CellQuest software (CellQuest Pro, version 5.1; BD Biosciences, Franklin Lakes, NJ, USA).
RNA isolation and reverse transcription-quantitative PCR (RT-qPCR).
Total RNA was isolated using a UNIQ-10 column and TRIzol total RNA isolation kit (Sangon Biotech Co., Ltd.). In total, 3 µg total RNA was used for reverse transcription in a reaction volume of 20 µl using Cloned AMV Reverse Transcriptase (Invitrogen; Invitrogen; Thermo Fisher Scientific, Inc.). In addition, 3 µl cDNA was used for qPCR using a Takara Ex Taq RT-PCR version 2.1 kit (Takara Bio, Inc.). Gene-specific PCR primers for eNOS, SIRT1 and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) are listed in Table I , and PCR signals were detected with a DNA Engine Opticon 2 Continuous Fluorescence Detection System (Bio-Rad Laboratories, Inc., Hercules, CA, USA). PCR was monitored for 45 cycles using an annealing temperature of 60˚C. At the end of the PCR cycles, melt curve analysis and 2% agar electrophoresis was performed in order to assess the purity of the PCR products. Negative control reactions (no template) were routinely included to monitor potential contamination of reagents. Relative quantities of eNOS mRNA and SIRT1 mRNA were normalized to the quantity of GAPDH mRNA using the 2 -∆∆Cq method (13) .
Protein isolation and western blot analysis.
The concentration of protein in extracts from mice pancreatic β cells was determined using a bicinchoninic acid assay kit (Pierce; Thermo Fisher Scientific, Inc.). Protein lysates were prepared using NP-40 buffer (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) on ice for 20 min before centrifuging at 30, 000 x g for 30 min at 4˚C. The supernatant was subsequently separated by 10% SDS-PAGE (20 µg protein/lane) followed by transfer onto nitrocellulose membranes. Western blot analysis was performed as previously described (14), and the signals were detected using an enhanced chemiluminescence (ECL) system (Millipore, Billerica, MA, USA 
Results
Validation assay of eNOS overexpression at the mRNA and protein levels. eNOS expression was upregulated following pcDNA3.0-eNOS transfection (Fig. 1) . The mRNA (P<0.001; Effect of overexpressed eNOS on SIRT1 expression at the mRNA and protein levels. In order to determine the effect of eNOS on SIRT1, SIRT1 expression at the mRNA and protein levels was detected, as shown in Fig. 2 . The mRNA (P<0.001; Fig. 2A ) and protein (Fig. 2B ) levels in Min6 cells were clearly upregulated following transfection with pcDNA3.0-eNOS for 24 h.
Effect of overexpressed eNOS on Min6 cell proliferation.
The effects of eNOS overexpression on Min6 cell proliferation were examined. As shown in the CCK-8 assay results in Fig. 3 , the cellular population was increased time-dependently in the pcDNA3.0-eNOS transfection group compared with the negative control (pcDNA3.0) group, particularly at 48 h (P<0.01) and 72 h (P<0.001).
Overexpression of eNOS reduced apoptosis of the Min6 cell line.
Cell apoptosis was analyzed using flow cytometry following pcDNA3.0-eNOS transfection for 24 h based on the CCK-8 results. Exposure of Min6 cells to the recombinant eNOS plasmid inhibited the apoptosis of the cells compared with that in the negative control group. Furthermore, the occurrence of apoptosis was significantly lower (P<0.001) in the pcDNA3.0-eNOS group compared with the pcDNA3.0 group (negative control), as shown in Fig. 4 .
Interaction between eNOS and SIRT1. Finally, the possibility that eNOS interacts with SIRT1 was investigated. To this end, Min6 cell lysates were harvested, and then were subjected to Co-IP and the results in Fig. 5 clearly indicated that there is an interaction between exogenous SIRT1 and eNOS proteins.
Discussion
In the present study, eNOS has been indicated to be a regulator of SIRT1 in the mouse pancreatic β cell line Min6. This conclusion is based on several novel observations. Firstly, evidence that SIRT1 was activated by overexpressed eNOS was provided, which was achieved through recombinant plasmid transfection. Secondly, overexpressed eNOS promoted mouse pancreatic β cell proliferation and protected mouse pancreatic β cells from cell apoptosis. Thirdly, a strong protein-protein interaction between eNOS and SIRT1 was demonstrated. Furthermore, the present study implied that overexpressed eNOS may induce SIRT1 activation, which is indicated to have a protective role in Min6 cells.
NO is produced by three isoforms of NO synthase (NOS): Neuronal nNOS (NOS I), inducible iNOS (NOS II) and endothelial eNOS (NOS III) (17) . Under physiological conditions, vascular NO is mostly produced by eNOS. It is known that NO reduces oxidative stress and the progression of atherosclerosis (18) , and exerts cardioprotective and vasoprotective effects in endothelial cells though a regulatory effect for inhibition of platelet aggregation, blood flow and inflammatory cell adhesion (19, 20) , while SIRT1 has previously been identified as a critical regulator of vascular endothelial homeostasis, controlling angiogenesis, endothelial senescence and dysfunction (8, 21) . A recent study has shown that SIRT1 is an endogenous protective molecule and a promising novel therapeutic target against myocardial ischemia/reperfusion (MI/R)-induced injury, which reduces oxidative stress and diabetes-exacerbated injury via the activation of eNOS in diabetic rats (11) . As Lemarie et al (22) reported, some effective antioxidants, including resveratrol, have been shown to act via the stimulation of endothelial SIRT1, which regulates endothelium-dependent vasodilation and bioavailable NO, stimulates eNOS activity and increases endothelial NO. However, eNOS-mediated NO also regulates SIRT1 expression during the aging of endothelial cells; the uncoupling of eNOS results in decreased expression of SIRT1, and ultimately to increased stress-induced senescence (22) . It has also been reported that the interaction of SIRT1 with eNOS is important in the augmentation of the protective effect of statins against endothelial senescence, as it was shown that testosterone induced eNOS activity, and subsequently increased SIRT1 expression in endothelial cells (23) . In type 2 diabetic rats, a reduction in the cellular redox status and an increase in oxidant stress may work together to reduce vascular SIRT1 expression (24) (25) (26) . Furthermore, eNOS expression levels have also been shown to be low within cerebral arteries, which implies a connection between SIRT1 and eNOS (27) .
In conclusion, the aim of the present study was to explore the interaction of SIRT1 and eNOS and elucidate the mechanism and potential therapeutic targets in diabetes. The results showed that eNOS was upregulated significantly through recombinant plasmid transfection, and subsequently increased SIRT1 expression through direct protein-protein interaction in the mouse pancreatic β cell line, Min6, which may assist future research. Further research may also focus on the identification of an effective drug playing a protective and therapeutic role for diabetes through the targeting of eNOS and regulation of SIRT1.
